A study was made of the influence of sulphur on the nitrogen metabolism of subterranean clover (Trifolium subterraneum L.) and the non-legUmes oats (Avena sativa L.), Hax and linseed (Linum usitatissimum L.), andPaspalum dilatatum Poir. All these species responded to fertilizers containing sulphur on the three soils used. Sulphates of aJl1lIlonium, potassium, sodium, and manganese were all effective.
I. INTRODUCl'ION
It has long been known that, in regions where sulphur-deficient soils occur, legumes are particularly responsive to sulphur-containing fertilizers (Hart and Tottingham 1915; Conrad 1941) . It has frequently been reported that elementary sulphur and _sulphates increase the percentage nitrogen as well as the yield of legumes on such de6cient soils; and it has been suggested that sulphur indirectly affects legumes through its direct effect upon the nitrogen-fixing organisms (Neller 1926) .
Sulphur is contained in the amino acids cystine and methionine, which occur in plant proteins. The role of sulphur in plants, particularly in protei,n formation, has been reviewed by Wood (1942) . The present experiments were carried out to compare the effects of sulphur on the nitrogen metabolism of legumes and non-legumes.
II. ExpERIl\fElI."'TAL

(a) General
Plants were grown on sulphur-deficient soils in pots in an unheated glasshouse. The 'TallaroolC strain of subterranean clover was used in Experiments 7 and 8, which were sown in late spring, and the Bacchus Marsh strain in the other trials. Algerian oats (Avena sativa L.), Paspalum dilatatum Poir., and the flax and linseed varieties of Linum usitatissimum L. were the non-legumes used. The clover seed was inoculated with an effective strain of Rhizobium before sowing.
Ten plants were grown in each glazed earthenware pot used in all trials except Experiment 6, and five plants were grown in each glass pot in Experiment 6. All plants were harvested shortly before flowering or when the first few flowers had formed. Immediately after harvest, the plant tops were dried rapidly under forced draught at 50°C. for yield determination and chemical analyses.
Unless otherwise stated, nutrients other than nitrogen were applied in solution at the beginning of each experiment. Nitrogen fertilizers were applied in small doses at intervals, the nitric acid in solutions containing up to 0.2 per cent. nitric acid. The levels of the dressings applied are expressed as cwt. per acre based on the surface area of the pot, and the equivalents in mg. -per pot are given for each treatment. Randomization of treatments was adopted throughout.
Weights of oven-dry soil in each pot are given in the details of particular experiments. The pots were weighed frequently and the soils watered to field capacity. The soils used were all from the Southern Tablelands of New South Wales. These are identified in the text as:
Soil Soil C.-a brown to reddish brown loam of basaltic origin from Roslyn, N.S.W. The transformation values used in the statistical analysis of the data to secure uniformity of variance within treatments were the square root transformation for dry matter (Table 12) , log transformations of the form A + log (x + B) for the data on nodulation, and log transformations of the form A + log x for the data on chemical analysis. The constant A has been introduced into these transformations primarily to avoid negative values.
(b) Details of Experiments Experiment I.-To test the eHects of manganese sulphate and ammonium sulphate on subterranean clover, at diHerent levels of application of molybdenum. Soil A. Sown June 3, 1948 and harvested October 7. A 2 X 2 X 2 factorial combination of the following fertilizers was used:
Manganese (1) Nil.
(2) Sodium nitrate. , (3) Ammonium chloride.
( 4) Ammonium sulphate. ( c) Analytical Methods Plant tops, which were dried rapidly at 50°C. immediately after harvest, were then finely ground, further dried at 101°e., and cooled in a desiccator prior to chemical· analysis.
Total nitrogen was determined on 0.2 g. samples by the Kjeldahl procedure, using selenium as a catalyst. The final distillation step was carried out in a Parnas-Wagner steam distillation unit using 2 per cent. boric acid solution to trap the ammonia as described by Ma and Zuazaga (1942) .
Protein nitrogen was rendered insoluble by treatment with boiling alcohol, and non-protein nitrogen constituents were extracted in alcohol and in water, as described in an earlier paper (Anderson and Spencer 1950) . Nitrogen in the plant residue was determined as described for total nitrogen.
Non-protein nitrogen was calculated by difference between the total nitrogen and protein nitrogen fractions.
Total sulphur estimations were made according to the method of Lugg and Weller (1944) involving a sodium peroxide fusion of plant material followed by precipitation of the sulphate as barium sulphate.
III. RESULTS
The soils used in the present experiments were also used in a parallel study on the role of molybdenum in nitrogen metabolism (Anderson and Spencer 1050) . All the soils were shown to be deficient in available molybdenum for symbiotic nitrogen fixation in subterranean clover. In the present study the influence of sulphur ha,:; been examined at different levels of molybdenum supply. Levels of molybdenum have been varied to control the nitrogen supply to the host legume, providing a means of examining more fully the nitrogen-sulphur interactions in these plants.
(a) Responses to Forms of Sulphur
Responses of plants to sulphates of potassium, ammonia, manganese, and iron, and interactions between the forms of sulphur, show the need for added sulphur for maximum growth on all the soils used (Tables 1, 2, and 3; Plates 1-4). Sulphur-deficient subterranean clover (Table 2) contained only 0.058 per cent. sulphur, while plants provided with sulphates of manganese and potassium contained 0.319 and 0.244 per cent. sulphur respectively. 
(b) Effects of Sulphur on Symbiotic Nitrogen Fixation
Sulphur-deficient clover not provided with combined nitrogen was pale green to yellow (Plate 1) and had a low percentage nitrogen (Tables 1 and 2) . Symbiotic nitrogen fixation was therefore seriously inhibited by sulphur deficiency. In appearance the sulphur-deficient clover plants were indistinguishable from those provided with sulphur but deficient in molybdenum for symbiotic nitrogen fixation. Where molybdenum was provided, treatment with sulphates markedly increased the growth and percentage nitrogen (Tables 1 and 2) and also improved the colour and growth of the clover (see also Tables 7 and 11; Plate 2).
Nitrogen-deficient non-legumes responded much less to sulphur than did plants provided with combined nitrogen (Tables 3 and 5; Fig. 1 ). In some of the trials the non-legumes did not respond at all to sulphur where no combined nitrogen was provided, indicating that the increase in the nitrogen content of the legume was entirely due to an increase in symbiotic nitrogen fixation.
(c) Sulphur-Nitrogen Yield Interactions of Legumes
Treatment with combined nitrogen had little or no effect on the yield 01. sulphur-deficient clover (Tables 4 and 12 ; Fig. 1 ). In no case was the response to sulphur greater in the absence than in the presence of added com- bined nitrogen ( Fig. 1; Plate 1, Fig. 3 ). Nitrogen-treated plants deficient in sulphur remained pale green, and typically nitrogen-deficient in appearance.
These results contrast with effects of nitrogen on clover deficient only in molybdenum for symbiotic nitrogen fixation. Results suggest that the restricted growth of clover at low sulphur levels was not due to ineffective symbiotic nitrogen fixation, but to a deficiency of sulphur in the host legume, and that this latter condition exerted some controlling influence on symbiotic nitrogen fixation. (Plates 3 and 4). The plants' grew normally and were a healthy dark green colour only where both sulphur and nitrogen were provided (Tables 3 and 5 Clover deficient in molybdenum, though nodulated, responded to sulphur ,and nitrogen in the same way as did the grasses. Molybdenum-defiCient clover, deficient also in sulphur and nitrogen, was pale green and of a typically nitrogen-deficient appearance (Plate 2). These plants responded little to sulphuror nitrogen applied alone, but grew normally when adequate amounts of both were provided (Tables 1 and 12; Fig. 1 ). The results show that the added sulphur and nitrogen were equally needed in plant metabolism by the non-legumes and by the molybdenum-deficient legume.
(e) The Nitrogen Status of the Plants Sulphur-deficient ·clover not provided with combined nitrogen contained a low percentage nitrogen, irrespective of the molybdenum supply (Tables 6 and 11). Where molybdenum was provided, sulphur markedly increased the percentage and total amount of nitrogen in the clover plants. Sulphur also increased the percentage protein nitrogen in the clover, but decreased the percentage non-protein nitrogen (Tables 6 and 7) .
The percentage nitrogen of clover deficient in molybdenum was almost equally low whether sulphur was provided or not (Table 6 ). However, the sulphur caused more protein to be formed in these plants at the expense of nonprotein nitrogen, even though it had little or no effect on growth.
Clover deficient in sulphur but provided with combined nitrogen con-! tained a high percentage nitrogen, but the plants were pale green and as unthrifty as plants without added nitrogen (Tables 4 and 7 ; Plate 1, Fig. 3) . Sulphur had little effect on the percentage total nitrogen in these nitrogentreated plants, but markedly increased the percentage protein nitrogen and decreased the percentage non-protein nitrogen ( Table 7) . The clover provided with sulphur and nitrogen grew normally and was a healthy dark green colour.
Sulphur-deficient non-legumes not provided with combined nitrogen also contained a lo~ percentage nitrogen. Sulphur did not increase the percentage nitrogen or improve the colour of these nitrogen-deficient plants (Table 8 ; Plate 3, Fig. 2 ). Treatment with combined nitrogen alone increased the percentage nitrogen but did not improve the colour of the sQ.lphur-deficient plants.
Where nitrogen was provided, sulphur markedly improved the colour and increased the growth of non-legumes (Tables 8 and 9 ; Plates 3 and 4). The darker green colour of the sulphur-treated plants was associated with an increase in the percentage protein nitrogen and a corresponding decrease in the percentage non.protein nitrogen (Tables 8 and 9 ). The percentage total nitro-·· gen of the dark green sulphur-treated non-legumes was actually less than that of the pale green, sulphur-deficient plants. Tests with diphenylamine showed a marked accumulation of nitrate in the sulphur-deficient plants provided with nitrate nitrogen. ' "
' " The results show that the sulphur was needed for nitrogen metabolism within the plant, promoting protein formation. This effect was associated with a marked increase in symbiotic nitrogen fixation by clover on nitrogen-deficient soil, provided the molybdenum deficiency had been remedied.
( f ) Nodulation
Treatment with sulphur increased the total weight of nodules, the total number of nodules, the number of nodules per unit length of root, and the (Tables 4, 6 , 7, 10, 11, and 12). Nodulation was particularly restricted where sulphur was deficient in the presence of molybdenum (Tables 6, 10, and 12). The percentage total nitrogen of these plants was low, but the percentage non-protein nitrogen high (Table 6 ). Clover deficiept in both sulphur and molybdenum was better nodulated than clover deficient in sulphur alone, and frequently as well nodulated as normal plants 6, 10, and 12) . At low molybdenum, sulphur had little effect on the yield or percentage total nitrogen, but decreased the percentage non-protein nitrogen and greatly increased the weight· and number of nodules.
Combined nitrogen generally decreased the number and weight of nodules, as did molybdenum (Tables 4, 7, and 12) . Nodule formation was much more readily inhibited by applied nitrogen where protein formation was inhibited hy sulphur deficiency (Table 12) . At the levels used combined nitrogen frequently had little effect on nodulation where sulphur was provided.
Sulphur applied shortly before harvest markedly increased symbiotic nitrogen fixation without increasing the number of nodules (Table 11) , confirming evidence presented in other sections that symbiotic nitrogen fixation is not limited at low sulphur level by an inadequate number of nodules. The evidence indicates that nodulation reflects the nitrogen status of the clover plant as influenced by nitrogen, molybdenum, and sulphur. Deficiency of molybdenum and of combined nitrogen increases the demand for nitrogen and the intensity of nodulation. Deficiency of sulphur decreases the demand for nitrogen and the intensity of nodulation. The plant requirement for nitrogen is not reflected by the percentage total nitrogen in the plant, as deficiency of sulphur decreases the percentage total nitrogen and decreases the response to nitrogen. At the various levels of nitrogen, molybdenum, and sulphur examined in these experiments the demand for nitrogen is closely reflected by the percentage non-protein nitrogen.
IV. DISCUSSION
Deficiency of sulphur for plants in the soils used has been established by the similar response of plants to different forms of sulphur and the negative yield interactions between the different sulphates; by the absence of response to corresponding chlorides; and by the low sulphur content of deficient plants. The value of 0.05 to 0.06 per cent. of sulphur found in untreated subterranean clover is well within the range of deficiency levels quoted by others for plants showing deficiency symptoms (Goodall and. Gregory 1947) .
Subterranean clover plants deficient in sulphur showed symptoms of nitrogen deficiency with low percentage total nitrogen, and were indistinguishable in these characters from clover plants deficient in molybdenum. Sulphates greatly increased symbiotic nitrogen fixation as did molybdenum. Increase in the percentage nitrogen content of various legumes has been observed to result from the use of sulphur-containing fertilizers on deficient soils (Miller 1919; Reimer and Tartar 1919; Olson and St. John 1921; Neller 1926; Powers 1930; Evans and Greaves 1937; Bledsoe and Blaser 1947) . Miller (1919) suggested that the increase in nitrogen content of the legume was due to the sulphates stimulating the action of the legume bacteria. Neller (1926) further suggested that sulphate has an indirect effect upon legumes through its direct action or effect upon the nitrogen-fixing organisms.
Sulphates have also been reported to improve the nodulation of legumes (Duley 1916; Walker 1947) . However, Wilson (1915 Wilson ( , 1917 obtained results indicating that sulphates in relatively weak concentration inhibit nodulation. Caw and Soong (1942) reported improved nodulation and yield of peas with calcium and iron sulphates; improved nodulation but no increase in yield with sodium and zinc sulphates; and decreased nodulation with other sulphates, including potassium sulphate. Ammonium sulphate increased the yield but not nodulation.
In the present experiments increase in the yield of clover due to sulphur was associated with an increase in both the number and size of nodules. However, a late application of sulphate caused a rapid increase in nitrogen fixation without any increase in the number of nodules. In addition, clover deficient in sulphur remained unthrifty when provided with combined nitrogen. This contrasts sharply with the effect of nitrogen on clover with insufficient molybdenum for optimum symbiotic nitrogen fixation. The results show that in sulphur deficiency the growth of the host plant was not limited by defective nodulation or by ineffective symbiotic nitrogen fixation.
The need of the clover for sulphur in the host plant is hldicated by . the strong positive interaction between sulphur and nitrogen on clover deficient in molybdenum for symbiotic nitrogen fixation. This interaction contrasts with the negative interaction between molybdenum and nitrogen on legumes (Anderson and Thomas 1946; Anderson and Spencer 1950) .
Extensive studies on the influence of carbohydrate and nitrogen on nodulation have indicated that invasion of the plant by Rhizobium, as measured by the number of nodules, increases as the carbohydrate-nitrogen relationship is widened, irrespective of the method used to alter the relationship (Wilson 1940) . The results have shown a definite negative correlation between the percentage nitrogen in the plant and the number of nodules. In the present experiments, molybdenum (through symbiotic nitrogen fixation), combined nitrogen, and sulphur all increase the percentage total nitrogen content of the clover, and might therefore be expected to have similar effects on the carbohydrate-nitrogen ratio. It is, in fact, well established that plants provided with combined nitrogen but deficient in sulphur have a high percentage of carbohydrate and a low percentage of protein (Nightingale, Schemerhorn, and Robbins 1932; Heiserich 1935; Eaton 1935 Eaton , 1941 Eaton , 1942 .
Increase in percentage nitrogen induced by molybdenum or combined nitrogen resulted in a decrease in nodulation. However, sulphur increased the percentage total nitrogen and improved nodulation. This would normally be expected where improved nodulation was the cause and not the result of increased nitrogen fixation. The experiments have shown conclusively, however, that the sulphur-deficient clover plants were not deficient in nitrogen for protein formation or growth.
Deficiencies of sulphur and nitrogen would, however, be expected to have opposite effects on the non-protein nitrogen content of the plants. Determination of non-protein nitrogen in clover showed that plants deficient in sulphur contained a higher content of this nitrogen fraction. Deficiencies of molybdenum and nitrogen decreased the non-protein nitrogen content of the clover. I · Hence decrea.se in the number of nodules was associated in all cases with an increase in the percentage non-protein nitrogen. The effect of sulphur and molybdenum on nodulation was evident even where deficiency of either one of the elements almost entirely prevented an effect of the other on growth or protein content. The sulphur-molybdenum interaction on yield and protein content was positive and highly significant. Clover receiving sulphur but deficient in molybdenum was low in non-protein nitrogen and usually had abnormally large numbers of nodules compared with normal plants provided with both elements. Clover deficient in sulphur but provided with molybdenum was high in non-protein nitrogen and had restricted nodulation.
While the effects of molybdenum, nitrogen, and sulphur on the number of nodules in these experiments were inversely related to the effects on the non-protein nitrogen content of the clover, it cannot be assumed that the nonprotein nitrogen inhibited nodule formation. It is, however, not impossible, for example, that some soluble nitrogen compound is involved in increasing the resistance of the root hair to curling normally induced by the bacterial secretions. It is known that curling of the root hairs can be prevented by combined nitrogen (Thornton 1935) . On the other hand Thornton was able to prevent this effect of nitrogen by simultaneously providing the plant with a soluble carbohydrate. The present experiments with sulphur are not necessarily inconsistent with evidence that a carbohydrate is involved. In this connection it is interesting to. note that in some cases percentage sugars are reported to have been decreased by sulphur deficiency, while the percentage of starch and other carbohydrates was increased (Eaton 1935 (Eaton , 1941 . Eaton ( 1942) found that sulphur deficiency decreased the content of reducing sugars, but increased the content of sucrose in black mustard. Nightingale, Schermerhorn, and Robbins (1932) found that translocation of sugars occurred freely in tomato plants deficient in sulphur, and Heiserich (1935) reported a high ('oncentration of sugars in sulphur-deficient maize and tobacco.
The evidence presented shows that conditions in the clover favouring nodulation are not necessarily inversely related to the percentage nitrogen content of the clover, and are in fact positively correlated with sulphur deficiency. Thus the effect of sulphur on nodulation cannot be explained simply in terms of the carbohydrate-nitrogen hypothesis. Decrease in nodulation brought about by sulphur deficiency is associated with an increase in percentage carbohydrate, suggesting that carbohydrate supply may not be directly involved in regulating nodule formation.
Non-legumes in the present experiments required treatment with sulphur and combined nitrogen for protein formation and normal growth, and were pale green when deficient in either sulphur or nitrogen. The nitrogen-sulphur interaction on dry matter and protein was positive as was the case for legumes with insufficient molybdenum for symbiotic nitrogen fixation. Similar effects on yield were obtained by Tolman and Stoker (1941) , who found a positive nitrogen-sulphur interaction with sugar beet.
It is well established that increase in protein content of plants· is associated with a darker green colour, and the similarity of symptoms of sulphur and nitrogen deficiency has frequently been noted in the literature. Mandels (1943) found that chlorosis in Chlorella sp. was induced by sulphur deficiency through a decrease in the amount of chlorophyll per cell before cell division stops, and by a slow decomposition of the chlorophyll in the non-dividing cells. Hanson, Barrien, and Wood (1941) found that chloroplast proteins are rich in sulphur, and that the ratio chloroplast protein nitrogen: chloroplast protein sulphur remained approximately constant during the life cycle. Wood and Barrien (1939) had earlier shown that the formation of protein sulphur from sulphate is dependent upon the nitrogen supply.
The effect of sulphur in increasing the percentage protein nitrogen of nonlegumes at the expense of the non-protein nitrogen is similar to the effect of molybdenum Spencer 1949, 1950) . In addition, sulphur deficiency, like molybdenum deficiency, resulted in a marked accumulation of nitrate in plants provided with nitrate nitrogen. Like molybdenum, sulphur did not increase the percentage total nitrogen of non-legumes.
The observed accumulation of nitrate in plants deficient in molybdenum has been used as evidence that molybdenum is directly involved in a nitratereducing system. Accumulation of nitrate may occur also in plants deficient in manganese (Leeper 1941) , and Burstrom (1945) suggests that a manganesecontaining system promotes the reduction of nitrate to ammonia. However, Hewitt, Jones, and Williams (1949) obtained evidence that manganese is required for protein formation from amino-acids. already formed. There is evidence that molybdenum is needed for the utilization of ammonium or amino acid nitrogen (Bortels 1939; Steinberg 1942; Vanselow and Datta 1949) . Wood (1942) has concluded that data on sulphur metabolism suggests that nitrate and sulphate reduction are linked in a complex way with carbohydrate utilization and with each other, but that the mechanism remains obscure. It is interesting to note that nitrate accumulation may occur in plants deficient in sulphur, manganese, or molybdenum, and that all three elements are needed for protein formation. .. 
